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PREFACE 
Exactly one hundred years ago Edison launched modern elec- 
trical lighting. He began studying the problem in 1877, and 
within a year and a half had made more than 1,200 experiments. 
Concurrently, recognizing that the series wiring systems then 
used for arc lights would not be satisfactory for incandescent 
lamps, Edison directed much more effort toward development of 
dynamos and other necessary equipment for multiple circuits. 
On October 21st, 1879, Edison lighted a lamp containing a 
carbonized thread for the filament. The lamp burned steadily for 
two days. Later he learned that filaments of carbonized visiting 
card paper (Bristol board) would give several hundred hours life. 
Soon carbonized bamboo was found acceptable and was used as the 
filament material. Extruded cellulose filaments were introduced 
by Swan in 1883. The first complete incandescent lighting system 
was publicly demonstrated at Edison's laboratory in Menlo Park, 
New Jersey, on December 21st, 1879. 
Edison was not only a great inventor, he was also a real 
innovator and entrepreneur. He determined the price of the lamp 
at a level of 40 cents despite the fact that the cost of one lamp 
at the beginning was 1.25 dollars. After three year's production 
he reduced the cost to 37 cents and more than compensated for all 
losses by an enormous turnover. 
The case of the lighting industry is very informative for 
innovation and industrial policy. The lighting industry first 
became the mother of electrical engineering, but later it was a 
highly specialized industry of less importance. On the other 
hand it still satisfies a quite important need. What might the 
future of the lighting industry be? 
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LIGHTING INDUSTRY: A CLASSICAL 
CASE OF INNOVATION 
H.-D. Haustein 
LIGHTING - AN ENERGY PROBLEM 
One of the basic global problems is the further development 
of energy consumption and energy production. Our society has 
become increasingly aware of the fact that economic growth cannot 
rely on an extensive development of energy production in advance 
of the overall production scheme. The development in the past 
shows that on a global scale no significant reduction in energy 
intensity has been achieved during the decades following World 
War I1 (Table 1) . In view of this situation many scientific 
institutions have been investigating in greater detail the wide 
spectrum of possible energy saving measures. Eighty years ago 
lighting technology was the main consumer in those advanced coun- 
tries applying electro-energetic systems. The demand for electric 
light and the complex innovation process triggered by Edison's 
invention (lighting - energy transmission - energy production) 
gave rise to the development of an electricity economy. Even at 
the turn of the century the electricity consumed for lighting 
purposes still exceeded the power current consumption in Germany 
(Gross 1939). Table 2 shows the development since 1937. The 
rapidly rising lighting demand led to a considerable increase in 
electric energy consumption for lighting purposes. Since 1950 
the German Democratic Republic has also experienced such a develop- 
ment (see Table 3). 
In the future it will be necessary to cover the growing lighting 
demand by lower-growth resource consumption. The average efficiency 
of all existing light sources is at present only four to five per- 
cent. From 1909 to 1969 the lighting yield per unit lamp price 
increased on the average by six percent per year, and the useful 
life of lamps increased by 3.9 percent if we compare the carbon 
filament lamp and the flourescent lamp (Willoughby 1969). This 
gives a quality increase per unit purchasing power of 10.1 percent 
annually; in other words, the price per unit utilization value could 
T a b l e  1 .  Deve lopment  o f  e n e r g y  c o n s u m p t i o n  a n d  e n e r g y  i n t e n s i t y ,  w o r l d ,  1860-1980.  
World  e n e r g y  c o n s u m p t i o n *  World E n e r g y  E n e r g y  
p r o d u c t i o n  consump- i n t e n s i t y  
T o t a l  m i l  P e r  c a p i t a  t i o n  o f  p r o d u c t i o n  
tce  tce  i n d e x * *  i n d e x  i n d e x  
1860 
( 1 )  ( 2 )  ( 3 )  ( 4  ) ( 5  ) 
25 552 0 . 4 6  26 104 
* S e e ,  Ekonomika i o r g a n i s a c i j a  p r o m y s l e n n o g o  p r o i z v o d s t v a  6 /75 ,  p . 2 1 4 .  
( d a t a  u p  t o  1 9 5 0 ) .  U k a z a t a l e  H o s p o d a r s k e h o  V y v o j e  v  z a h r a n i c i  P r a h a  1 9 7 6 ,  pp.200-201 
( d a t a  1 9 5 5 - 1 9 7 0 ) .  
**See ,  K u c z y n s k i ,  J . :  D i e  G e s c h i c h t e  d e r  Lage  d e r  A r b e i t e r  u n t e r  dem K a p i t a l i s m u s ,  
Vo1.37,  Akademie  V e r l a g  B e r l i n  1 9 6 7 ,  p . 3 l f f .  
Table 2. Development of light generation and electric energy consumption, world, 1937-1975. 
World consump- Per capita Lighting Lighting Lighting Light gen-. Electric light- 
tion of elec- consumption share efficacy efficacy eration ing energy 
tric energy* Total per cap. Total per cap. 
TWh Kwh ~e,rcent lm/W percent Tlmh 10001mh TWh K w h  
*Production minus 10% transmission losses. 
**See, Seeger, B.: Der Lichtverbrauch Europas. Technisch-wissenschaftliche Abhandlungen 
aus dem OSRAM-Konzern. Vol.4, Berlin Verlag von Julius Springer 1936, p.3. 
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could be reduced by 9.2 percent annually. This figure is thoroughly 
in line with the productivity increase of other very dynamic tech- 
nological sectors. As far as lighting yield is concerned, the 
reserves are still far from being exhausted. It is in particuiar 
the sodium high pressure lamp (at presentloo-130 lm/W) and the 
halogen lamp (at present 30 lm/W) which present the major innova- 
tion processes of our time. 
CLASSIFICATION OF BASIC AND IMPROVEMENT 
INNOVATIONS IN LIGHTING 
All of the presently known technologies of light generation 
still do not guarantee the achievement of the very long-term goal 
in this field: the production of a light source of 250 lm/W 
(see Figure 1) and a useful life of 40,000 hours. The useful 
life of discharge lamps using electromagnetic induction instead 
of electrodes is already estimated to be five to ten years 
(Carnes 1978). 
Therefore, the proportion of basic innovations and partial 
innovations is also significant in the field of light technology. 
Table 4 gives a classification and evaluation of the innovation 
processes. 
The physical action principles for certain technological 
fields form a series of higher development stages or an increas- 
ingly deep penetration into the natural laws of the matter. An 
action principle is a lawful interrelation which explains a cer- 
tain effect (Effect = energy x time = force x distance x time. 
Energy = performance x time) under given conditions. In 1802 the 
English physicist Davy discovered the effect that electric current 
can cause platinum wire to glow. The intensity laws of the Black 
Body governing the underlying action principle of temperature 
radiation were set up later by Wien (1893) and Planck (1900). 
The historical sequence of the basic principles of light 
generation is as follows: 
Principle Time of discovery of the effect 
(or of the theory) * 
1. Combustion processes > 400,000 BC 
2. Temperature radiation 1802 (1843) 
3. Gas discharge processes around 1900 
4. Radiation transformation 1887 
in solid states ( 1905 Einstein) 
In view of our present situation it is also conceivable that 
plasma physics can be applied for light technology purposes. 
*In principle, the theoretical perception may also precede the 
discovery of the effect. 
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Figure-1. Development of efficacy for light sources I. 
Table 4. Classification and evaluation of innovatin processes according to their 
scientific-technological level and their effect on meeting needs. 
Q l l a n t l t a t l v e  M u d i f l c a t l o n  o f  cx -  Major  m o d i f i c a t l o ~ ~ s  Dcvrlopment  o f  a  npv t ln jn r  m o < l l f l c a t i n n  o r  ~~~~~~~~mrllt of a R r n r ~ a n i  ; .+ t iun  
c x t e n s l o n  o f  i s t i n q  t y p e s  o f  dcmand o f  c x l s t i n q  t y p e s  o f  t y p  o f  demand (of  a  t l ~ r  s t r u c t u r e  by t h c  nrw S t r u c C u r c .  o f  L l l r  r x i ? L l n q  
e x l s t l n q  demand dcmand. Q u a l i t a t i v e  demand (ncw p r o p e r -  nrw u l ~ i  l i z a t l o n  va l t l c )  ncv u t l l l z a t l o ~ l  vn l l l r  Mnjnr challrlr o f  t l l r  sgst* 'm 
Improvement o f  ex -  t l e R  o f  know u t i l l z a -  w i t h i n  t h e  e x i s t i n q  [ m o , ~ o r t l o n s  or 
- 
' n  q p  r o d u c t s  t l o n  v a l u c s l  demand s t r u c t u r e  -. cIfn1an[l 
1 .0 !,5 - I .  2 0 . 6  -- - . -. G .  R-- - ~ ,- -- -. .I?-:.0 . . 
I .  Quanl  t a t l v c  deve lopment  
o f  t h e  ~ x l s t i n q  t e c l ~ n o l o -  0 - 
2. Furt ,hcr  d e v c l o p m n t  Improvement o f  
w i t h l n  a known p r i n c l p l c  wou~xrl c o l l  f  1  l amen t  
s o l u t l o n  r l  t h o u t  ma jn r  lamp. 1950 2 . 3  
c>anyc 1.5 --. 
3 .  F u r t h e r  devc lcpmcnt  wl th -  m c t n l l i c  f l l a m c n t  
I n  s known p r l n c l p l e  s o l u t l o n ,  lamp. I905 
however wi t h  ma jo r  change  of  wound c o l l  f l l a m e n t  
o n e  f a c t o r  ( m a t t e r ,  t echno-  lamp, 1935 
loqy .  function, construction) r r y p t o n  lamp, 1938 
2.2 3.3 
0 .  F u r t h e r  deve lopment  r l t l t -  g a s - f l l l e d  
I n  a  knnwn p r i n c i p l e  e o l u t l o n ,  c o i l e d - u p  f i l a m e n t  
however u l t h  m a j o r  change  o f  lannp, 1915 S. B I 
s e v e r a l .  f a c t o r s  .2 4 
- 
.. .~ .- -1 
5.  Hew p r l n c l p l e  s o l u t l o n s .  l ~ a l o q c n  lamp, 1959 h a l o g e n  lamp, 1959 
1 s t  o r d e r .  1 . e .  w l t h l n  t h e  f l r s t  a p p l i e d  f o r  f i r s t  a p p l i e d  f o r  
s c l e n t l f i c  a c t l o n  p r l n c l p l e  f l o o d l l q l ~ t ,  c a r s .  floodlight, c a r a ,  
a p p l i e d  -10 9.6 10 - ,  
6.  New p r l n c l p l e  s o l u t i o n s .  c a r b o n  a r c  lamp, 
2nd o r d e r .  1.e. r e p l a c e r e n t  1877 
o f  t h e  e x l e t i n g  f u n d a m n t a l  J a b l o c k o v  22 
principle by a  new one .  hor-  
e v e r  w i t h  t l l e  s a n e  m t l o n  
p a t t e r n  and s t r u c t u r a l  l e v e l  
o f  t h e  m a t t e r  6.8 
7 .  Now p r l n c l p l e  s o l u t l o n ,  luminous  c o n d e n s e r  cheml - lumlnerccnce  g a s  d l s c h a r q c  
3 r d  o r d e r ,  1 . e .  t r o n s i t l o n  
b u l b ,  Ion1 ( e x c l  t a t i o n  by b lo - lumlneacencc  lamps 1910 
t o  a  different s t r u c t u r a l  U G  t r m p r r a t u r s  e l e c t r l c  f i e l d ) ,  
l e v e l  o f  n o t l o n  p a t t e r n  
r a d i a t i o t n  
e f f e c t  discovered 6 8  
o f  t h e  m a t t e r  10.0 111 1921 
Furthermore, the phenomena of tribo- chemi- and bio-lumines- 
cence have been known for a long time. But only the first three 
fundamental principles of action have so far been technologically 
exploited. Thus, only part of the total vector of light energy 
in the matrix of possible energy transformation processes has 
yet been used. 
A decisive factor for the classification of innovation pro- 
cesses is the intensity of the innovation, i.e. its scientific 
and technological level. Here, the main point is the degree of 
change of the technological principle applied. A technological 
principle is a functional relationship which results from the 
application of physical action principles to a certain techno- 
logical need; and one principle of action may be used for a 
great variety of technological principles. Thus, the action 
principle of underpressur, e.g., explains the technological 
principle of the windmill, of the hydraulic screw, of sailing, 
etc. The action principle of temperature radiation is applied 
in lighting technology, heat technology, and many other fields. 
Thus, a technological principle solution is understood to be the 
practical application of the technological principle. The light 
bulb is a principle solution, which is based on the technological 
principle of resistance heating of a wire. Within this principle 
solution various technological generations can be distinguished: 
carbon filament lamp, metallic filament lamp, gas-filled coiled-up 
filament lamp, halogen bulb. 
Table 5  suggests a classification according the the degree 
of change of a technological principle. 
In this classification, a transition towards the utilization 
of another fundamental principle of action rates highest. In 
this sense the light bulb and the gas discharge lamp are equivalent 
innovations. It shall, however, be noted that this is a very rough 
classification which does not take account of the various degrees 
of penetration into the laws of the matter and into new functional 
technological relationships of such innovations. An assessment of 
future prospects would therefore require a more detailed represen- 
tation. 
Figure 2  gives the possible action elements of light emission 
and their characteristic properties as well as the types of radia- 
tion energy in relation to known, conceivable or blank technologi- 
cal principle solutions. 
The evolutionary development in this sector of light sources 
comprises a wide range within the field of temperature radiation 
and gas discharge principles. 
The bulb serves as a good example to illustrate this phenomenon 
in its historical diversity. The corresponding historical data 
are given in Figure 1  and in the Appendix. 
The light output of the bulb has grown since 1 9 8 0  in the form 
of a logistic time function, which started at about 3  lm/W, then 
reached its turning point in 1 9 1 3  at 8  lm/W (the highest increase), 
and did not exceed the 12  to 1 3  lm/W limit over the 1925 -1960  period. 
Table 5. Classification of innovations according to their 
scientific-technological level. 
Main Categories 
Categories General technological material 
A. 1. Quantitative change of Quantitative develop- Quantitative changes of 
PARTIAL the elements of the : m n t  of the exist ing material application. 
CHANGES inner system structure technological basis. 
and t h e i r  proportions. 
p - ~ ~  ~~ p~ 
2. Restructuring of the Further development Further improvement of 
elements of the inner within known princi- known material proper- 
system structure,  p le  solution without t i e s  without major 
supplementation and major changes. changes. 
adaptation. 
-- - 
3..Qualitative changes of Further development Major change of one 
individual inner within known princi- speci f ic  property 
character is t ics  o r  p le  solution, how- of a known material,  
functions. ever with major substi tut ion by other 
changes of one known materials. 
factor (matter, 
technology, func- 
t ion,  construction] . 
4. Quali tat ive change of Further development Major changes of 
a l l  inner charac- within known princi- several propert ies of 
t e r i s t i c s ,  however p le  solution, hew- a known material,  
without change of the ever with major new processes fo r  known 
fundamental functional changes of several materials. 
concept. factors. 
B. 5. Qualitative change New principle solu- Extraction of new 
BASIC with change of basic tions, Ist order, materials from nature, 
CHANGES concept, however i.e. within the empirical discovery 
without change of s c i e n t i f i c  action and production of new 
the principle of the principle applied. elements and materials. 
concept. 
6. Qualitative change New principle solu- Development of new 
w i t h  change of the t ions,  2nd order, materials on the basis  
basic functional i.e. replacement of of molecular processes, 
principle i n  the same the basic principle . major increase of the  
f i e l d  of perception. so f a r  applied by a degree of material 
new one, however u t i l iza t ion.  
within the same 
motion pattern and 
the same s t ruc tu ra l  
level  of the matter. 
7..Qualitative chanpos of Xew principle solu- Zcvelopmen~ of new 
the basic functional tion, 3rci orc?er, materials on the basis  
principle by t ransi-  i.e. t rans i t ion to a of elementary processes 
t ion to a new f i e l d  d i f ferent  s t ructura l  i n  the atom range: 
of perception. level  o r  a d i f ferent  Fundamental increase 
mztion pattera of n? t h ~  ~ E T ~ P I  52 
the matter. material u t i l i za t i cn .  
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A l l  p a r t i a l  improvements w i t h i n  t h e  c o u r s e  o f  t h i s  S-shaped c u r v e  
a r e  t o  b e  c h a r a c t e r i z e d  a s  e v o l u t i o n a r y  o r  p a r t i a l  changes .  They 
w e r e  most ly  r e l a t e d  t o  t h e  a v a i l a b i l i t y  and u t i l i z a t i o n  o f  new, 
s u i t a b l e ,  and f a i r l y  i n e x p e n s i v e  m a t e r i a l s  ( k r y p t o n  lamp, 1938) .  
I n  1959, however, a  new t e c h n o l o g i c a l  s o l u t i o n  was found: 
t h e  ha logen  lamp. I t  p r e s e n t e d  a  b reak th rough  t o  a  l i g p t  o u t p u t  
two o r  t h r e e  t i m e s  h i g h e r  t h a n  t h a t  o f  t h e  c o n v e n t i o n a l  bu lb .  
I t  i s  based on two e a r l i e r  p a t e n t s  o f  1882 ( S c r i b n e r ,  USA) and 
1933 (van Liempt,  N e t h e r l a n d s ) .  By means o f  t h i s  t e c h n o l o g i c a l  
p r i n c i p l e  a  maximum o f  58 lm/W can  b e  o b t a i n e d .  For  t h e  b u l b  
i n  g e n e r a l ,  95 lm /W a r e  assumed t o  b e  t h e o r e t i c a l l y  f e a s i b l e .  
( T h e o r e t i c a l  l i m i t  o f  t h e  Planck r a d i a t o r  a t  6 0 0 0 ~ ~ )  
The ha logen  lamp p r e s e n t s  a s t e p  ahead i n  b u l b  development .  
Thus it i s  r e g a r d e d  t o  b e  a  p r i n c i p l e  s o l u t i o n  o f  t h e  f i r s t  o r d e r ,  
i . e . ,  w i t h i n  t h e  a c t i o n  p r i n c i p l e  o f  t e m p e r a t u r e  r a d i a t i o n ,  a s  h a s  
s o  f a r  been known and a p p l i e d .  
S i m i l a r l y ,  f l u o r e s c e n t  lamps a r e  o n l y  a  new p r i n c i p l e  s o l u t i o n  
o f  g a s  d i s c h a r g e  lamps,  which were l a t e r  produced i n  t h e  form o f  
h i g h  p r e s s u r e  lamps, a t  f i r s t  exceed ing  t h e  former  i n  l i g h t  o u t p u t ,  
and c o n s e q u e n t l y  l a g g i n g  behind.  
Of c o u r s e ,  t h e r e  i s  a  chance  of  new t e c h n o l o g i c a l  p r i n c i p l e s  
t o  be  d i s c o v e r e d  i n  t h e  f i e l d  o f  t h e  g a s  d i s c h a r g e  sys tem.  I n  
such  a  c a s e  t h e  c o r r e s p o n d i n g  i n n o v a t i o n  would have t o  be c l a s s i -  
f i e d  a s  a  p r i n c i p l e  s o l u t i o n  o f  t h e  second o r d e r .  
I n  view of  t h e  h i s t o r i c a l  development o f  l i g h t  t echno logy  
t h e  carbon a r c  lamp can  b e  s p e c i f i e d  a s  a  p r i n c i p l e  s o l u t i o n  o f  
t h e  second o r d e r .  
MEASUREMENT AND EVALUATION OF TECHNOLOGICAL 
AND ECONOMIC LEVEL INNOVATIONS 
I t  can b e  assumed t h a t  t h e  s c i e n t i f i c - t e c h n o l o g i c a l  l e v e l  
w i l l  deve lop  e x p o n e n t i a l l y  beyond t h e  seven  s t a g e s  d e s c r i b e d  above. 
The r e l a t i v e  i n c r e a s e  i n  l i g h t  o u t p u t  i n  t h e  seven s t a g e s  i s  
( i n  9 6 ) :  
From 1890-1975 t h e  l i g h t  o u t p u t  developed a c c o r d i n g  t o  t h e  f u n c t i o n  
of  t i m e  
1 + exp - ( t -1977)  1 22.12 
Thus, in the year t = 2000 a light source of an output of 196 lm/W 
will be available (see Figure 3). 
It must, however, be taken into consideration that the useful 
life is another essential parameter in the scientific-technologi- 
cal level of light sources. While a higher light output saves 
energy, a lo ger useful life may contribute to a reduction of 
resources. 
f manpower, ma erial requirements, financial means, and raw material 
The scientific-technological level presents, however, only 
one side of the innovation process. Its economic counterpart is 
the actual extent of application or the effect on meeting demands 
(see Table 6). From an historical point of view the bulb has 
created a new demand structure and has contributed to qualitative 
changes in the national economies. 
The gas discharge lamp, on the other hand, has led to a major 
modification of the existing demand structure. 
Both sides, the scientific-technological level and the level 
of application, together characterize the valency of an innovation. 
Accordingly, Table 4 distinguishes 7 x 7 = 49 kinds of innovation 
processes. Their valency shall be defined as 
ik = scientific-technological level of the kth degree; 
vk = extension volume of the kth degree. 
For an exponential assessment 
If we assume symmetry of both factors (a = b) for reasons of 
simplification, then 
Since V is defined as 
1 5 V 5 100 (percent) , 
- - 

Table 6. Classification of innovations according to their range 
of application or their effect on meeting needs. 
Categories Main . . .  
Categories General Meeting Demand 
A. Partial 1. Simple qualitative ex- Quantitative extension of 
changes tension of existing existing demand 
elements or processes 
2. Quantitative extension Modification of existing 
of existing elements or types of demand 
processes Quality improvements of 
existing products 
3. Changed proportions and Major modification of 
new characteristics of existing types of demand 
known elements or (new characteristics of 
processes known utilization values) 
4. Development of indivi- Development of a new type 
dual new processes and of demand (of a new utili- 
process results in zation value) in the 
existing economic existing demand structure 
sectors 
B. Basic 5. Qualitative changes of Major modification of the 
changes economic sectors (de- structure by the new 
velopment of new indus- utilization value 
trial sectors and sub- 
sectors) 
6. Qualitative changes of Development of a new need 
the total economy structure. Major changes 
Development of new of proportions 
groups of industrial 
. sectors 
7. Qualitative changes of Reorganization of the 
the total social and existing system 
natural environment 
we find via 
which is the basis for calculating the evaluation coefficient V 
in Table 4. 
Valency is a general historical and not an operational charac- 
teristic. For a comprehensive evaluation of light-technological 
solutions the following factors have to be considered (see Table 
7) : 
-- the age of a technological solution; 
-- the average annual development of the scientific- 
technological level; 
-- the average annual decrease of expenditure per unit of 
performance; 
-- the scientific-technological level achieved; 
-- the actual extent of the overall effectivity; 
-- the future prospects of the respective principle. 
The table clearly shows that the two new types of high pressure 
lamps had obviously reached or exceeded the technological level 
and the effectivity of other technological solutions already seven 
to.eight years after their introduction. 
The effectivity of the various technological principle solu- 
tions in one field, at a certain point of time, is not identical 
with their historical valency. This is due to,the effect of the 
time factor, i.e., the actual effectivity of a principle solution 
is the result of the following factors: 
-- original validity; 
-- scientific-technological level at the point of introduc- 
tion and its development; 
-- specific expenditure at the point of introduction and 
its reduction; 
-- level and development of other, competing principle 
solution with respect to technological characteristics 
and expenditures; 
-- resources and productivity development of the economy. 
Table 7. Evaluation index of technological principle solutions of the lighting industry. 
Valency Valency F i r s t  Annual Prod.  p e r  Annual Tech Tech R e l a t i v e  
a c c .  t o  s t a n d a r d  y e a r  o f  growth u n i t  o f  e f f e c -  l e v e l  l e v e l  e f f e c t -  
T a b l e  4  produc- r a t e  o f  expend i -  t i v i t y  a t  t h e  i n  i v i  t y  
t i o n  t e c h  t u r e  a n n u a l  i n c r e a s e  p o i n t  1 9 7 5  1 9 7 5  
l e v e l  growth r a t e  o f  i n t r o -  
d u c t i o n  
X X % ( 1 )  X ( 1 )  X ( 1 )  ( 2 )  % ( 3 )  
1  2  3  4 5 6  7  8  9  
1  Bulb t o  6  8  1 0 0  1 8 8 1  4 .6  2 . 2  6 . 9  0 . 4 3  3  2  2  0  
h a l o g e n  
1 amp 
2  Gas d i s -  
c h a r g e  
1 amp 
2 . 1  Low p r e s -  4 6  
s u r e  d i s -  
c h a r g e  l p  
( f l o u r e s -  
c e n t  lamp) 
2 .2  High p r e s -  4 6  6  8  1 9 3 0  7 .2  3 . 4  12 .9  3  1  6 6 0  1 0 0  
s u r e  d i s -  
c h a r g e  l p  
mercury 
w i t h o u t  
2.2 .1  and 
2 .2 .2  
2 . 2 . 1  Halogen 1 0  1 5  1 9 6 7  2 2 . 2  3 . 7  2 6 . 7  1 4 0  5 7 0  1 0 5  
m e t a l  vapor  
1 amp 
2 . 2 . 2  Sodiumhigh  1 0  1 5  1 9 6 8  3 2 . 2  2.8 35 .9  1 8 0  9 6 0  1 2 5  
p r e s s u r e  l p  
TOTAL - - - 8 .5  2 .4  22.2 - - - 
1) All annual growth rates are measured from the first year of production up to 1975 
2) Measured here as the product of light output and useful life of the lamp, divided 
by 1000 W (lmh/1000W) 
3 )  Based on the social costs, calculated by Liewald 1977. The social costs calculations 
include the following quantities: lighting current, useful life, lighting efficiency, 
lamp costs, installation expenditures, service life, price of light source, annual 
duration of burning, lamp replacement costs, costs of current, maintenance costs. 
In the initial or introductory stage the technical level of 
new solutions (level of production) develops more rapidly than 
the technological level; i.e., the later extension phase of the 
innovation is typically characterized by a more rapid technologi- 
cal development. 
In the field of light sources a uniform effectivity measure- 
ment has reached a relatively high stage of development. In a 
technically simplified way the level of meeting demand is also' 
measurable in lux. But it is not only the volume that has to be 
considered. The historical transition towards qualitatively 
higher demands is a dimension of change relating to people. Thus 
the lighting demand has furthermore been determined by qualitative 
physiological parameters. 
The effort to find suitable measuring quantities for the 
valency or effectivity of innovations in a certain technological 
field could well be a heuristic stimulus for further development. 
In this sense the efficacy of a lamp may also be defined in 
a different way: 
useful energy released 
r l =  energy absorbed 
useful energy released Eu 
r) = 
Industrially Naturally 
supplied + supplied 
energy E SI energy ESN 
Accordingly, three variants of light sources are possible: 
(Haustein 1964) 
-- ESN (e.g. environmental heat) is not utilized. This 
applies to our present light sources. 
-- EsN is utilized in addition to ESI. This light source 
withdraws heat from its environment. This principle 
can be utilized by application of the thermoelectric 
effect to the electroluminescence in solid bodies. 
-- The logical continuation of this thought is ES = 0, 
i. e. , a light source operating independently o# the 
mains supply. 
A light source which is independent of the mains supply and 
which has a nearly unlimited useful life is the ideal aim of the 
technological development in this field. 
SEQUENCE O F  PRODUCT AND PROCESS INNOVATION 
I N  THE CASE O F  INCANDESCENT LAMPS 
A t  p r e s e n t  t h e  innova t ion  c o e f f i c i e n t  i s  r a t h e r  low i n  t h e  
s e c t o r  of l i g h t  technology a s  compared w i t h  t h e  sha re  of  innova t ion  
of h ighe r  h i s t o r i c a l  valency i n  t h e  produc t ion  complex. 
The improvements of t h e  mult i-purpose lamp correspond t o  a  
valency of a  maximum of 10% (halogen lamp),  and t h e  same a p p l i e s  
a t  b e s t ,  t o  d i scha rge  lamps. So t h i s  s e c t o r  has  a  lower h i s t o r i c a l  
innova t ion  c o e f f i c i e n t  than  t h e  t o t a l  f i e l d  of  e l e c t r i c a l  engineer-  
i n g .  And it i s  n o t  by co inc idence  t h a t  t h e  annual  p r o f i t  ' i n c r e a s e  
of  t h e  US lamp i n d u s t r y  i s  20% below t h e  average p r o f i t  i n c r e a s e  
(1954-1977). 
With t h e  example of t h e  i ncandescen t  lamp we can a l s o  s tudy  
t h e  sequence of  p roduc t  innova t ion  and process  i nnova t ion  (F igure  
4 and Table 8 ) .  The produc t  innova t ion  began i n  1881 and up t o  
1891 t h e  t e c h n i c a l  l e v e l  o f  t h e  produc t  measured by l i n e a r  hours  
had a  r i s i n g  annual  i n c r e a s e .  The progress  between 1890 and 1900 
was n o t  s o  impor tan t  and a t  t h e  same. t ime gas  l i g h t i n g  became 
compet i t ive  w i th  e l e c t r i c  l i g h t .  However from 1900 t o  1915 a  
s e r i e s  o f  major improvements (mainly d u c t i l e  t ungs t en )  ensured 
t h e  success  of  t h e  new p r i n c i p l e .  A t  t h e  same t ime  p roces s  i n d i -  
c a t o r s  behaved d i f f e r e n t l y .  P r o d u c t i v i t y  g a i n  was very h igh  a t  
t h e  t i m e  when mass produc t ion  was e s t a b l i s h e d  (1882-1886) however 
it was r a t h e r  low du r ing  t h e  nex t  f i f t e e n  y e a r s  because it was 
mainly a  manual p rocess .  Mechanization in t roduced  a  h i g h e r  i n c r e a s e  
i n  p r o d u c t i v i t y  i n  t h e  fo l lowing  y e a r s  from 1900 t o  1915. Due 
t o  automation t h e  main p roces s  i nnova t ions  came b e f o r e  t h e  second 
world war. Product  innova t ion  i n  incandescen t  lamps d e c l i n e d  a f t e r  
1910-1915 b u t  had a  smal l  upswing b e f o r e  t h e  second world war. 
I n  1960 t h e  f i r s t  halogen lamp was produced, b u t  t h i s  lamp 
i s  s t i l l  n o t  comparable w i th  t h e  g e n e r a l  purpose lamps. Therefore  
w e  f i n d  t h a t  t h e  b a s i c  innova t ion  " incandescen t  lamp" was r e a l i z e d  
through t h r e e  upswings of  major improvement i nnova t ions  a s  w e l l  
a s  through many minor improvements. The l e n g t h  of  t h i s  improvement 
c y c l e  was about  25-30 y e a r s .  I t  had reached an a b s o l u t e  maximum 
i n  1910-1915, bu t  a f t e r  t h i s  peak we have a  d e c l i n e  i n  t h e  i n c r e a s e  
o f  p roduc t  l e v e l .  Process  innova t ions  a l s o  went through improvement 
c y c l e s  and they  became h i g h e r  a f t e r  t h e  peak i n  product  innova t ion .  
I n  more than  40 y e a r s  of  r e l a t i v e l y  low produc t  development t h e  
bu lb  produc t ion  process  was t e c h n o l o g i c a l  r e v o l u t i o n i z e d .  While 
on ly  83 lamps were produced p e r  man-hour i n  1939, t h e  corresponding 
f i g u r e  was 750 i n  1969 (Caines 1978) .  
The innova t ion  p roces s  "d i scharge  lamp" began i n  1830. The 
r e l a t i v e  i n c r e a s e  of l i g h t  o u t p u t  was lower than  t h a t  of  t h e  bu lb ,  
which should ,  however, be seen a g a i n s t  an e s s e n t i a l l y  h ighe r  t ech-  
n o l o g i c a l  l e v e l  and a  c o n s i d e r a b l e  improvement i n  u s e f u l  l i f e .  
The produc t ion  r a t e  of a  p l a n t  cou ld  be i n c r e a s e  from 1 ,000 ( 1  954) 
t o  more than  3,000 p i e c e s  p e r  hour i n  1977. 

Table 8. Annual increase ic percent of the product level, of 
productivity and efficiency of incandescent lamps 
1882-1960. 
Years Lumen hours No. ot lamps Efficiency 
per 100W for cost of ' lumen hours 
lamp 1 dollar per dollar 
cost 
Source: Calculated according to 'historical data, given in 
Bright (1949) and Liewald (1977). 
As we do not know of any new technological principle of light 
generation, it is very difficult today to assess the time or extent 
of maximum discharge lamp production. 
The bulb reached its maximum share in the lighting system 
around 1930 in the leading countries. The commercial utilization 
of discharge lamps started at the same time. 
Only after 1985 can discharge lamps be expected to reach a 
95% share in total electric lighting in the leading countries 
(see Appendix B and C )  . 
SOME THOUGHTS ABOUT THE FUTURE OF THE LIGHTING INDUSTRY 
Let us now return to our starting point. In principle, the 
technological development of specific fields is not unlimited. 
There are physical and technological limits to action principles 
which cannot be exceeded. Sooner or later this leads to a reduc- 
tion in effectivity increase, to the transition of a sector from 
growth to stagnation or recession; the situation is, however, 
quite different if we turn away from the limited technological 
aspects towards such issues as meeting demands or resource avail- 
ability. 
On one side we have the qualitatively and quantitatively 
growing lighting demand and on the other side there is the total 
of resources available to meet this demand, with lighting pro- 
duction and application systems (LAS) of various orders inbetween 
(Table 9). From an historical view light technology developed 
as a complex field, including current production, current distri- 
bution and lighting. In the course of increasing industrial 
specialization light technology developed into a relatively 
narrow special field which centered its productional interests 
mainly on lamps (LAS of the first order). At a later point 
auxiliary devices (main connecting devices) and new forms of 
application were added (LAS of the second order). 
Today the development tends towards a new and higher degree 
of complexity (LAS of the third order), which also includes--apart 
from lamp manufacture--planning and application of new utilization 
systems. Not only lamps are sold, but--to a growing extent--whole 
lighting systems, especially on the international market. In 1978 
the light technological industry of the German Democratic Republic 
started to follow up on the development of LAS of the third order, 
which is assumed to yield much higher effectivity. The combinat 
VEB NARVA comprises today light sources, lamp production, main 
connecting devices, and other non-production activities. 
There might be a future LAS of the fourth order, which would 
return to the starting point of the light source industry on a 
higher level. If we succeed in developing some form of lighting 
system which is independent of the central mains supply, a quali- 
tatively new step will be reached in the field of production and 
application systems. 
Table 9. Components of lighting production and application 
systems LAS. 
Light technological production and 
a~~lication svstems 
1st order, 2nd order, 3rd order, 4th order 
1. Source of current x 
2. Distribution of x 
current 
3. Lisht source x x x x 
9. Glass and lamp x x x 
' component 
5. Lamp-shades x x 
6. Auxiliarv devices x x x 
7. Contracting work 
for lighting 
installations 
8. Application x x x 
9. Lighting projects x x 
10. Planning and x x 
consul tancy 
The effectivity of the LAS is a complex quantity, and not just 
the sum of the effectiveness of its components, as specified in 
Table 9. 
Therefore any projection of the scientific-technological 
development must not be confined to individual components. It 
has to reveal those strategic deficiencies which limit effectivity 
growth within the overall production and application system. 
Vertical and horizontal combination of production in the 
production and application system is the best way of promoting 
the dynamic progress of industrial sectors in the interest of the 
national economy. In this sense the concept of the complex inno- 
vation process is clearly defined: it is an innovation process 
which is not confined to individual components of the production 
and application process, but which comprises several of all of 
these components. 
APPENDIX A: Historical data illustrating the 
technological means of meeting the 
lighting demand (for white light) 
Year Event Efficacy Life- 
lm/W time 
hours 
Hearth fire 
7000-8000BC Terracotta oil lamps in Mesopotamia 
2700 BC Egyptian and Persian copper and 
bronze lamps 
1000 BC Wick of vegetable fibre burning in 
a saucer-type vessel holding olive 
or nut oil 
500-400 BC Oil lamps had come into general use 
230 BC Lamps with automatic refill - 
Philon of Byzantium 
200 BC Candles 
100 BC The Romans developed the first true 
lantern of horn, cylindrical in form 
with a perforated top 
ca. 300 Street lighting (Asia) 
Stearin candle 
1650 Otto von Guericke discovered that 
light was produced by electricity 
or by electrical excitation. He also 
invented the vacuum pump 
Kerosene lamp with flat wick - Leger 
Paris. Kerosene lamp with hollow 
wick and glass cylinder - Argand, 
Paris 1 .OO 
Year Event Efficacy Life- 
lm/W time 
hours 
1 7 9 2  Gas lighting - Murdoch 
1 8 0 2  Davy made a platinum filament glow 
by galvanic current 
1 8 3 6  "Courier belge" first mentioned the 
possibility of using a vacuum for 
electric lighting 
Grove. First experiments with plat- 
inum incandescent lamp 
Starr - English patent for a 
"continuous metallic or carbon con- 
ductor intensely heated by the pas- 
sage of electricity for the purpose 
of illumination" 
1 8 4 5  Thomas Wright, London. First patent 
for arc lamp 
1 8 4 8 - 1 8 6 0  Swan - Several experiments in England 
1 8 5 0  H. Geissler, Germany, discovered that 
an electric current passing through a 
rarefied gas, causes the gas to glow 
Goebel - bulb with bamboo filament 0 . 8 0  
Discovery of petroleum. The crude 
oil lamp was superseded 
A.E. Becquerel - First electric lamp 
containing flourescent materials very 
low efficiency and short life 
Werner von Siemens developed the 
dynamo-electrical machine 
Hodyguine, Graphite lamp 
Jablochkov candle (arc lamp) 
Beginning of Edison's experiments 
Edison began his work on electric 
lamps 
Edison's first lamp (carbon filament) 1 . 6 0  
Steamer "Columbia" was equiped with 
1 1 5  Edison lamps with Edison sockets. 
Lamp price 1  dollar 
Edison's improved lamp cost 7 0 6  
Johann Kremenezky, Vienna - Bulb 
with carbon filament 
Edison lost a patent infringement 
action against Swan 
Year Event E f f i c a c y  L i f e -  
lm /W t i m e  
hours  
Edison and Swan founded a  company 
Edison lamp c o s t  22$ 3.4 400 
Auer von Welsbach i n v e n t e d  t h e  
g a s  m a n t l e ,  a  s t r o n g  c o m p e t i t o r  
t o  e l e c t r i c  l i g h t i n g  
S p r e n g e l  mercury pump reduced 
e x h a u s t  t i m e  from 5  h o u r s  t o  
30 minu tes  
A s p h a l t - t r e a t e d  f i l a m e n t  3.0 600 
Tungsram A u s t r i a  founded 
I n c a n d e s c e n t  g a s  l i g h t  Auer von 1.50 
Welsbach 
I n v e n t i o n  o f  mercury-vapour lamp 
by L. Arons 
F a s t  growth o f  g a s  l i g h t i n g  w i t h  3.5 
Auer g a s  m a n t l e  lamp p r i c e  12-186 
Phosphorus e x h a u s t  method reduced 
e x h a u s t  t i m e  t o  less t h a n  a  minute  
Mercury a r c  l amp,Pe te r  Cooper H e w i t t  
19 l m / W ,  remained a  p o p u l a r  l i g h t  
s o u r c e  f o r  f a c t o r i e s  f o r  40 y e a r s  
Osmium lamp - Auer von Welsbach 4.40 
(Osmium t o o  e x p e n s i v e  and r a r e )  
M e t a l l i z e d  ca rbon  4.0 600 
Non-duct i le  t u n g s t e n  7.85 800 
Moore t u b e  f i r s t  used  commercia l ly  
Commercially s u c c e s s f u l  h i g h - v o l t a g e  
g a s e o u s - d i s c h a r g e  lamp 
w i t h  n i t r o g e n  ye l low l i g h t  5.0 
w i t h  ca rbon-d iox ide  w h i t e  l i g h t  2.00 
S t e i n m e t z ,  US a r c  lamp, remained 
a  p o p u l a r  s t ree t  l i g h t i n g  s o u r c e  
i n  US u n t i l  1930 
J u s t ,  Hanamann, A u s t r i a  Tungsten 
f i l a m e n t  lamp 
P r o d u c t i o n  o f  lamps i n  f l e x i b l e  job- 
shop c o n f i g u r a t i o n ,  i n v o l v i n g  more 
t h a n  11 s e p a r a t e  o p e r a t i o n s  w i t h  
mainly  manual l a b o r  
Tantalum lamp, W. Siemens (on t h e  3.70 800 
market  1906-191 3 )  
Tungsten f i l a m e n t  lamp 5.50 800 
Year Event Efficacy Life- 
lm/W time 
hours 
- - 
1907 Edison patent on fluorescent lamp 
1908 W.D. Coolidge, US - developed ductile 
tungsten by drawing it through a 
series of dies 
1909 Beginning of reduction in gas light- 
ing 
1910 Ductile tungsten 6.3 '1000 
1911 Tungsten drawn filament lamp 10,O 1000 
1913 Langmuir developed the use of 
inert gases inside the incandescent 
lamp (nitrogen and later argon). 
1915 First gas-filled coiled-up filament 10.30 
1 amp 
1920 100 Watt filament lamp 10.0 1000 
Lamp price 37p 
Living costs 51% (1940 = 100) 
1930 100 Watt filament lamp 1.1 ,O 1100 
Price 22p 
Living costs 72% (1940 = 100) 
1931 High-intensity sodium-vapour lamp 
not satisfactory for commercial use 
1932 Mercury lamp 31 .O 
1935 Wound coil filament lamp 13.2 
1935 Phosphors with good response to 
ultraviolet radiation had been 
developed 
1935-1938 Development work by General Electric 
and Westinghouse 
1938 April 1st.- first commercially suc- 
cessful flourescent lamps were intro- 
duced in the US 
1938 20,000 fluorescent lamps in the US 
1938 Krypton lamp 13.9 
1939 Productivity: 1250 bulbs per hour 
(15 man hours) highly mechanized 
process 
1939 Fluorescent lamp - 80Watts 
1940 100 Watt filament lamp 
Price 10p 
Living costs 100% 
80 Watt fluorescent tube 
Price £1.97 
- -  - - - - - -- - - 
Year Even t  E f f i c a c y  L i f e -  
l m / W  t i m e  
h o u r s  
1949 F l u o r e s c e n t  lamp - 80 Wat t  43.0 4000 
1950 80 Wat t  f l u o r e s c e n t  t u b e  38.0 3000 
P r i c e  95p 
L i v i n g  costs 135% (1940 = 100)  
1954 Mercury lamp w i t h  q u a r t z  4 1  . O  
1959 F i r s t  h a l o g e n  lamp - t u n g s t e n  30 
1959 F l u o r e s c e n t  lamp - 80 Wat t  57 
1960 80 Wat t  f l u o r e s c e n t  t u b e  54.0 
P r i c e  76p 
L i v i n g  c o s t s  200% (1940 = 100)  
261.5 m i l l i o n  f l u o r e s c e n t  lamps 
i n  t h e  US 
P r o d u c t i v i t y :  3750 b u l b s  p e r  h o u r  
( 5  man-hours) 
F l u o r e s c e n t  lamp - 80 Wat t  
85 Wat t  f l u o r e s c e n t  t u b e  
P r i c e  70p 
L i v i n g  costs 305% (1940 = 100)  
Reached l e v e l  
Halogen b u l b  
Mercury h i g h  p r e s s u r e  lamp 
Sodium h i g h  p r e s s u r e  lamp 
F l u o r e s c e n t  lamp 
Halogen  m e t a l  vapour  lamp 
P r o s p e c t i v e  e m p i r i c a l  l i m i t s :  
Bulb  
F l u o r e s c e n t  lamp 
High p r e s s u r e  lamp 
A P P E N D I X  B: Output  of lamps i n  t h e  U S  
1898-1970 
Year Large F l u o r e s -  C o e f f i c i e n t  S h a r e  of  
incarr- c e n t ,  h o t  o f  lmh * *  f l u o r e s c e n t  
d e s c e n t  ca thode  l i g h t  i n  
M i l  M i l  lmh % 
1  2 3 4 
-- - 
Year Large Fluores- Coefficient Share of 
incan- scent, hot of lmh * *  fluorescent 
descent cathode light in 
Mil Mil lmh X 
1 2 3 4 
*Not strictly comparable with later years because of changes in 
classification. 
**Estimated relationship between lmh of fluorescent lamps and 
lmh of incandescent lamps. 
***Bright 1949, p.4. 
Source: Historical Statistics of the US, p.696-697. (Column 1 & 2) 
APPENDIX C: The production of bulbs and discharge 
lamps in the GDR since 1950. 
Year t Production of Production of Total pro- share of 
multi-purpose discharge duction of discharge 
lamps lamps light sources lamps 
mil pieces G lm mil M G lm G lm 
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